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Section Editor: Christiaan LeeuwenburghThe maintenance of muscle mass and muscle strength is important for reducing the risk of chronic diseases. The
age- related loss of muscle mass and strength is associated with adverse outcomes of physical disability, frailty
and death. β-Hydroxy β-Methyl Butyrate (HMB), a metabolite of leucine, has beneﬁcial effects on muscle mass
and strength under various catabolic conditions. The objectives of the present studywere to determine if age- re-
lated differences existed in endogenous plasmaHMB levels, and to assess if HMB levels correlated to total appen-
dicular lean mass and forearm grip strength. Anthropometry, dietary and physical activity assessment, and the
estimation of fasting plasma HMB concentrations and handgrip strength were performed on the 305 subjects
(children, young adults and older adults). Leanmass, which serves as a surrogate for musclemass wasmeasured
using dual energy X-ray absorptiometry (DEXA). Mean plasma HMB concentrations were signiﬁcantly lower
with increasing age groups, with children having highest mean HMB concentration (p b 0.01) followed by
young adults and older adults. Female subjects (across all ages) had signiﬁcantly lower plasma HMB concentra-
tions. A signiﬁcant positive correlation between HMB concentrations and appendicular leanmass normalized for
bodyweight (%), appendicular leanmass (r=0.37; p b 0.001)was observed in the young adults and older adults
group. Handgrip strength was positively associated with plasma HMB concentrations in young adults (r = 0.58;
p b 0.01) and the older adults group (r=0.28; p b 0.01). The ﬁndings of the present study suggest that there is an
age- related decline in endogenous HMB concentrations in humans and the HMB concentrations were positively
correlated with appendicular lean mass and hand grip strength in young adults and older adults group.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Leucine1. Introduction
The total body skeletal muscle mass is involved in many metabolic
processes, and a low muscle mass has been associated with increased
risk of insulin resistance (Braith and Stewart, 2006; Atlantis et al.,
2009). Muscle strength, in addition to muscle mass, has been positively
related to higher insulin sensitivity in children and adolescents (Benson
et al., 2006; Steene-Johannessen et al., 2009) and recently, forearm grip
strength was found to be a stronger predictor of all-cause and
cardiovascular-related mortality compared to systolic blood pressure
(Leong et al., 2015).
Aging is accompanied by a progressive decrease in muscle mass,
strength and quality (sarcopenia), leading to loss in strength, function-
ality, poor quality of life, and death (Candow and Chilibeck, 2005).n's Research Institute, St John's
India.
. This is an open access article underDynapenia, or the age associated loss of muscle strength, is estimated
to be at about 2–4% loss per year. Since the rate of loss of muscle
strength is 2–5 times faster than the loss of muscle mass, it indicates
that the multiple factors other than loss of muscle, which involves the
nervous and muscle systems, could contribute to the loss of strength
(Clark and Manini, 2012; Mitchell et al., 2012). The increasing
healthcare costs associated with the growing number of older adults
with disabilities primarily linked to age- related decline in muscle
mass and function have stimulated interest in both the determinants
of muscle mass/strength and potential strategies to improve them.
The identiﬁcation of biomarkers of skeletal muscle mass will allow for
easy identiﬁcation of age- related muscle loss and towards developing
strategies to reduce/prevent muscle loss, which in turn could have sub-
stantial public health beneﬁts.
β-Hydroxy β-Methyl Butyrate (HMB) is a metabolite of leucine,
formed by oxidation of ketoisocaproate (KIC, the transamination prod-
uct of leucine) to HMB in the liver cytosol. Approximately 5% of dietary
leucine is oxidized into HMB (Van Koevering and Nissen, 1992). HMBthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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supplementation has resulted in increased protein synthesis and lean
body mass in animal studies, as well as a reduced rate of motor decline
in diseases characterized by muscle loss (Girón et al., 2015; Smith et al.,
2005; Wilson et al., 2012). In humans, HMB supplementation has
shown anti-catabolic (Knitter et al., 2000) and lipolytic effects
(Gallagher et al., 2000) along with increased strength, power and aero-
bic performance (Kraemer et al., 2009; Vukovich and Dreifort, 2001).
Consumption of small amounts (∼3 g) of leucine or HMB resulted in
the acute increase of muscle protein synthesis and suppressing muscle
protein breakdown (Wilkinson et al., 2013). The supplementation of
HMB was also beneﬁcial in preventing muscle loss during prolonged
bed rest (Pereira et al., 2013), aging (Flakoll et al., 2004) aswell as in re-
ducingmuscle wasting in AIDS (Clark et al., 2000; Nissen and Abumrad,
1997).
The objective of the present studywas primarily to assess age- relat-
ed differences in endogenous circulating HMB concentrations in
humans, and secondarily, to assess if these concentrations correlated
with total appendicular muscle (lean) mass and forearm muscle
strength.
2. Methods
2.1. Subjects
The study was carried out between November 2013 and October
2014, at St John's Medical College Hospital, Bangalore, India. Volunteers
were recruited by posted ﬂyers and word of mouth. There were 3 age
groups of volunteers: normal healthy children (age range - 6 to
16 years), young adults (age range - 30 to 45 years) and older adults
(age range - 65 to 75 years). The BMI inclusion range for the study
was N18.5 and b30 kg/m2. In the young adults and older adults groups,
those with controlled diabetes, within 5 years of diagnosis, on lifestyle
or with metformin treatment and those with controlled hypertension
were included into the study. The exclusion criteria, included type 1 or
uncontrolled type 2 diabetes, underweight and obese children and
adults, elevated C-reactive protein N10 mg/dL, renal function impair-
ment (blood urea nitrogen N60 mg/dL and/or creatinine N2.8 mg/dL),
history of gastrointestinal disorder, organ failure, chronic illness, history
of eating disorders, excessive alcohol consumption, history of taking
medications/dietary supplements/substances that could profoundly
modulate metabolism or weight, presence of a chronic disease that af-
fects calcium or bone metabolism and signiﬁcant osteoporosis (t score
below−2.5). The Institutional Ethical ReviewBoard of St John'sMedical
College Hospital approved the study, and informed consent was obtain-
ed from the subject or the parent in case of the children. The subjects re-
ported to the Nutrition Clinic in a fasted state and the following
measurements were carried out.
2.2. Demographic questionnaire and medical history
A questionnaire capturing socio-demographic details, medical histo-
ry and list of medications was obtained from the subject/parent in case
of children. Blood pressure (BP) was measured on the subjects using a
calibrated digital sphygmomanometer (Omron, HEM 7203). Measure-
ments were taken in a quiet room with the subject sitting, with their
arm resting on a table. Efforts were made to eliminate factors which
may affect BP, such as anxiety and prior exercise. The average of two
consecutive readings was recorded. All BP measurements were taken
by the same trained professional.
2.3. Anthropometry
The body weight, height and waist circumference were measured
according to standard techniques (Gordon et al., 1988). Height was
measured using a portable stadiometer (Seca 213, USA), with thesubject standing barefoot, to the nearest 0.1 cm. Weight was measured
in minimal clothing on a calibrated portable electronic scale (Salter,
India) to the nearest 0.1 kg. Waist circumference was measured with a
non-stretchable tape by trained personnel at the mid-point of the low-
est rib cage and iliac crest to the nearest 0.1 cm in a standing position
during end tidal expiration (WHO Consultation, 2008).
2.4. Body composition
Body composition was measured by Dual Energy X-ray Absorptiom-
etry (DEXA). Bone mineral content (BMC), Bone mineral density
(BMD), Fat Free Mass (FFM) and Fat Mass (FM) were determined
using whole body scanner (Lunar Prodigy Advanced PA+301969, GE
Medical Systems, USA). The instrument was calibrated regularly using
a phantom supplied by the manufacturer, and the mean coefﬁcient of
variation between calibrations was b0.5%. Scans were performed with
the subjects in light clothing and no metal objects. Values for FM, FFM
(lean tissue + BMC) were obtained directly. Appendicular fat free,
bone free tissue were quantitated as a surrogate for total body skeletal
musclemass, as the sumof leanmass at the arms and legs. Appendicular
lean mass (%) was calculated as appendicular lean mass / body
weight ∗ 100.
2.5. Physical activity assessment
The physical activity of subject was measured using a validated
physical activity questionnaire (Vaz et al., 2009).
2.6. Dietary intake questionnaire
Aquestionnaire capturing the frequency of consumption of common
foods was administered on the subjects, to obtain details of the dietary
intake of the subjects. The data collected included reportedmonthly fre-
quencies of consumption of various foods (chocolate, ice cream, bakery
items, cakes, soft drinks, fruit juices, fried items, non-vegetarian, vegeta-
bles, fruits and milk). The dietary intake of each subject was assessed
using a 3-day food recall method (two weekdays and a weekend day).
The subjects were trained on how to record their intake. Energy and nu-
trient intake were computed using a nutrient database for Indian foods
(Bharathi et al., 2008) and from the USDA (USDA, Release 25). For chil-
dren b10 years, dietary and behavior questionnaireswere completed by
parents.
2.7. Muscle strength
Forearm grip strength was measured using a hand grip dynamome-
ter (Jamar, 5030J1, USA) in both the dominant and non-dominant arms.
Threemeasurements ofmaximal handgripwere obtained at intervals of
at least 30 s, and the highest of the three measurements were taken as
the maximal voluntary contraction (MVC). Following a rest period of
10 min, the subjects were then asked to sustain a maximal voluntary
contraction and the onset of fatigue was measured as the time taken
for the force of contraction to drop to 50% of its initial value, and the
rate of decline of muscle strength (kg/s) was calculated by regressing
the force of contraction against time.
2.8. Blood biochemistry
The subjects reported to the study site after an overnight fast. About
8mLof bloodwas drawn from each subject. Screening tests such as lipid
proﬁle, liver function tests, blood urea, serum creatinine, thyroid func-
tion, HIV, hepatitis B and C were measured to assess the health status
of the subject. Fasting blood glucose levels were estimated by spectro-
photometric assays on automated clinical chemistry analyzer (Dimen-
sion RxL, Dade Behring, Newark, USA). The concentrations of Leucine,
KIC and HMB in plasma samples were determined using LC–MS/MS
Table 1
Demographic and anthropometric characteristics of the study subjects.
Variable Children
(n = 102)
Young adults
(n = 101)
Older adults
(n = 102)
Sex
Male 55 (53.9) 47 (46.5) 50 (49.0)
Female 47 (46.1) 54 (53.5) 52 (51.0)
Age (years) 11.2 ± 3.0⁎ 36.7 ± 4.7⁎ 69.2 ± 3.1⁎
Weight (kg) 33.0 ± 11.0† 64.6 ± 10.8 61.6 ± 8.7
Height (cm) 139.4 ± 15.9† 160.8 ± 8.7 157.4 ± 8.6
BMI (kg/m2) 16.5 ± 2.5† 24.9 ± 3.0 24.8 ± 3.0
Waist circumference (cm) 60.1 ± 7.0† 86.8 ± 8.9 87.6 ± 8.0
Hip circumference (cm) 72.8 ± 10.7† 97.4 ± 6.6 98.1 ± 7.6
Waist hip ratio 0.83 ± 0.10† 0.89 ± 0.10 0.90 ± 0.10
Appendicular lean mass (kg) 10.2 ± 3.9⁎ 17.4 ± 4.3⁎ 15.6 ± 3.5⁎
Appendicular lean mass (%) 31.3 ± 4.3⁎ 27.1 ± 4.2⁎ 25.7 ± 4.3⁎
Reported as mean ± SD; number within parenthesis percentages.
⁎ Signiﬁcantly different between each age group (p b 0.01).
† Signiﬁcantly different from young adults and older adults (p b 0.01).
Fig. 1.Mean HMB concentrations of different age groups by sex.
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(IS). Plasma samples were extracted employing a protein precipitation
technique and transferred into autosampler vials for LC–MS/MS analy-
sis. The sample analysis was performed on shimadzu-20AD prominence
interfaced with AB Sciex API 4000 triple quadruple mass spectrometer
(LC-MS/MS) equipped with a Turbo Ion Spray™ ionisation source (AB
Sciex, Toronto, Canada) for detection of LC eluents using Restek-Allure
organic acids (150 × 3.0, 5 μm) column. The standard stock solutions
of Leucine, KIC and Leucine D3 were prepared by dissolving the appro-
priate quantity of the mixture in Water: Methanol: Formic acid
(85:15:0.1 v/v/v). The stock solution was diluted to suitable concentra-
tions using Water: Methanol: Formic acid (85:15:0.1 v/v/v) for spiking
in appropriate matrix to obtain calibration curve (CC) standards and
quality control (QC) samples. The stock solution of Leucine D3 (internal
standard)was prepared inWater:Methanol:Formic acid (85:15:0.1 v/v/
v). An eight point calibration curve for Leucine and KIC were prepared
by spiking 10 μL of Leucine spiking solution and 10 μL of KIC spiking so-
lutionwith 80 μL of water to prepare different concentrations in calibra-
tion range. The calibration curve for Leucine and KIC were prepared in
the range of 2–30 μg/mL and 1–15 μg/mL in water further with addition
of ISTD for quantiﬁcation in LC–MS/MS. Quality control samples were
prepared at four different concentration levels in plasma. The neat CC
standards were used to quantify the spiked QC and study samples.
2.9. Statistical methods
Data are presented using mean and SD for the continuous variables,
number and percentages for the categorical variables. Assumption of
normality was checked using Q-Q plot. Chi-square test was used to
test the distribution of gender by three age groups. HMB and % appen-
dicular leanmass were compared between three age groups using anal-
ysis of variance. Multiple pairwise comparisons with the t-test were
performed with the Bonferroni correction. The Pearson correlation
was carried out to assess the relationship between HMB with % appen-
dicular lean mass and function. Partial correlation was performed be-
tween HMB and % appendicular lean mass adjusted for age, sex and
physical activity in the whole group and separately in each group. p
value b5%was considered as statistically signiﬁcant. For the analysis be-
tween HMB concentrations and age, childrenwere categorized into ≤10
and N10 years of age (the adolescent period). All statistical analyses
were done using SPSS (IBM SPSS Statistics for Windows, Version 22.0.
Armonk, NY: IBM Corp.)
3. Results
A total of 305 subjects with equal distribution of age (children,
young adults and older adults group) were studied. There were 102
children, 101 young adults and 102 older adult subjects. Study subjects
belonged to low to middle socio-economic status. Themean age of chil-
dren, young adults and older adults were 11.2 ± 3.0, 36.7 ± 4.7 and
69.2 ± 3.1 years respectively. There was a signiﬁcant difference in the
anthropometric measurements between three age groups, with no dif-
ference observed between young adults and older adults groups
(Table 1). The mean appendicular lean mass (kg) in the children,
young adults and older adults were 10.2 ± 3.9, 17.4 ± 4.3 and 15.6 ±
3.5 respectively. Themean appendicular lean mass, expressed as an ab-
solute (kg), or as a proportion of body weight (%) was signiﬁcantly dif-
ferent between the three age groups, with children having the lowest
mean value and young adults having highest mean value (p b 0.01).
The mean daily energy intake of the young adults (2054.7 ±
532.3 kcal) was signiﬁcantly higher than the older adults (1760.8 ±
455.0 kcal) and children (1699.0 ± 461.9 kcal). Similarly the protein in-
take and protein to energy ratio (PE) were also signiﬁcantly higher in
the young adults 72.1±20.6 g (14.1±2.3%) compared to the older adults
56.8 ± 15.7 g (12.9 ± 1.8%) and children 52.6 ± 19.8 g (12.2 ± 1.8%).Themean plasmaHMB concentrations in children, young adults and
older adults were 176.5 ± 43.1 (1.5 ± 0.36), 159.7 ± 49.1 (1.4 ± 0.41)
and 154.1 ± 43.2 (1.3 ± 0.36) ng/mL (μmol/L) respectively. Signiﬁcant
differences in the mean HMB concentrations were observed between
the three age groups (p b 0.001). Themean plasma HMB concentrations
were signiﬁcantly lower with increasing age groups, with children hav-
ing highest values (p b 0.01) followed by young adults and older adults
(although no statistically signiﬁcant difference was observed between
young adults and older adults). In addition, the plasma HMB concentra-
tions of femaleswere signiﬁcantly lowerwhen compared tomales, in all
three age groups (p b 0.01). Fig. 1 depicts themeanHMB concentrations
of the different age groups by gender. There was a signiﬁcant negative
correlation between age and HMB concentrations (r = −0.21,
p b 0.001).
There was a signiﬁcant positive correlation between HMB concen-
trations and % appendicular lean mass (r = 0.37, p b 0.001). However,
by group, this signiﬁcant correlation was observed only in young adults
(r = 0.54) and older adults groups (r= 0.29), Fig. 2. After adjusting for
age, gender and physical activity concentrations, the relationship be-
tween HMB concentrations and % appendicular lean mass continued
to be statistically signiﬁcant (r = 0.13, p b 0.01). A signiﬁcant positive
correlationwas also observed betweenHMB concentrations andmuscle
Fig. 2. Correlation of HMB level with % appendicular lean mass. Panel B1 – children; panel B2 – young adults; panel B3 – older adults.
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(r = 0.28; p b 0.01). This is depicted in Fig. 3.
4. Discussion
In the present study, we assessed the relationship of endogenous
HMB concentration with age, lean mass and muscle strength. The ﬁnd-
ings of the present study suggests that there is an age- related decline in
endogenous HMB, as measured by plasma concentrations, and the fe-
male subjects had a signiﬁcantly lower mean plasma HMB concentra-
tion when compared to males, in all the age groups of subjects. In
addition, plasma HMB concentrations had a signiﬁcant positive correla-
tion with appendicular lean mass and grip strength in the young adults
and older adults group. While there are no comparable human data
available from elsewhere to examine the external validity of these ﬁnd-
ings, a recent study conducted onmale Sprague-Dawley rats of different
age groups also demonstrated a signiﬁcant negative correlation be-
tween basal plasma HMB concentrations and age (Shreeram et al.,
2016).
HMB is generated from leucine, by transamination, occurring in
both muscle and liver, to α-ketoisocaproate (α-KIC) before decar-
boxylation to isovaleryl-CoA, by α-ketoacid dehydrogenase
(BCKDH). An alternative metabolic pathway for leucine could take
place only in the liver, where the cytosolic enzyme α-KICFig. 3. Correlation of HMB level with muscle grip strength. Panel Cdioxygenase or 4-hydroxyphenylpyruvate dioxygenase (4-HPPD)
(Van Koevering and Nissen, 1992) generates HMB from KIC. In the
above study on rats, the negative relation between age and plasma
HMB concentrations was accompanied by a decline in liver concen-
trations of 4-HPPD, suggesting that the decline in plasma HMB con-
centrations was brought about by deregulation of 4-HPPD. In the
present study, we measured the plasma concentration of leucine
and KIC. Both Leucine and KIC levels were low in children, but in-
creased in the young adults and then decreased again in the older
adults. However, HMB levels did not mirror the levels of its precur-
sors; it was higher in children, (in spite of lower leucine and KIC
levels), starting to decrease in the young adults, (in spite of higher
Leucine and KIC) and then lowest in the older adults. Thus it is pos-
sible, that even in humans, there is deregulation of the enzyme 4-
HPPD with age, which could be responsible for the decline in HMB
levels with age. Other reasons, such as the increase in the oxidation
or metabolism of HMB could also contribute to the decline in the
levels of HMB with age. Approximately one-third leucine was
found to be oxidized to CO2, following an oral dose of labelled leucine
(Lee et al., 2015). Since HMB is a metabolite of leucine, it is possible
that a similar reduction in the levels of HMB due to oxidation could
occur. The mean plasma HMB concentration of females was signiﬁ-
cantly lower than the males in all the age groups. It is not clear
why this novel ﬁnding was present. Since HMB is a metabolite of1 – children; panel C2 – young adults; panel C3–older adults.
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leucine oxidation, in relation to general protein kinetics, may also in-
ﬂuence plasma HMB concentrations. Some studies have demonstrat-
ed that males have higher levels of leucine oxidation and a lower
non-oxidative leucine disposal at rest and during moderate-
intensity exercise compared to females (Lamont et al., 2001;
Phillips et al., 1993). This was thought to be due to differences in
fat free mass, protein and leucine intake, phases of menstrual cycle,
effect of hormones such as testosterone and ovarian hormones and
methodological differences in the various studies (Stanﬁeld et al.,
2012). In the present study, the females had a signiﬁcantly lower ap-
pendicular lean mass proportion (25%) compared to males (31%).
However, the HMB concentrations of the female subjects continued
to be signiﬁcantly lower, even after adjusting for the appendicular
lean mass, suggesting that the differences in body composition may
not be the only factor contributing to lower HMB concentrations in
females. More controlled studies in humans are needed to conﬁrm
these sex differences in concentrations.
The plasma HMB concentrations of the subjects in the present
study correlated positively with the percent appendicular lean
mass and grip strength in the young adults and older adults group.
Muscle mass varies between populations; for example, South
Asians have a reduced skeletal muscle mass when compared with
similar age Europeans (Marwaha et al., 2014). The lower muscle
mass may be related to the development of chronic disease, in addi-
tion to other traditional risk factors such as obesity and adiposity.
Asian Indians have higher risk for type 2 diabetes and younger age
of onset for diabetes (Anbalagan et al., 2013), and a lower skeletal
muscle mass may contribute to this phenotype. The accurate mea-
surement of skeletal muscle however remains difﬁcult or impracti-
cal. Methods are either expensive (MRI), have radiation risk
(computed tomography, CT) or are not very accurate (anthropome-
try and bio-impedance methods) (Boye et al., 2002; Fuller et al.,
2002). The positive correlation between plasma HMB concentration
and lean mass suggests that it could be used as a biomarker or surro-
gate for muscle mass, particularly in intervention studies, however,
this might be confounded by other considerations such as other fac-
tors that control the generation of HMB or muscle mass. On the other
hand, HMB itself has an inﬂuence on muscle mass (Wilson et al.,
2008; Wilson et al., 2013) where it has been shown to stimulate
the mammalian target of rapamycin (mTOR), which is the major ki-
nase directing translation initiation of muscle protein synthesis
(Baxter et al., 2005; Norton and Layman, 2006) and to inhibit the
ubiquitin–proteasome (Smith et al., 2005) pathway, which is the
major regulatory system of protein degradation in skeletal muscle
(Mitch and Goldberg, 1996).
The study had some limitations, we did not measure pubertal
stage in children, phases of menstrual cycle in females, and hormon-
al concentrations, which are some of the factors that could have af-
fected plasma HMB concentrations. Another possible limitation was
that the variability in HMB levels, explained by age was low, which
suggests that age may not be the only factor inﬂuencing HMB levels.
The present study used hand grip strength as measure of muscle
strength, which may not have totally captured/reﬂected the aging-
related decline in muscle function in comparison to functional tests
such as 6 minute walk test or more detailed analyses of more impor-
tant muscle groups during the aging process. Future studies could
use more appropriate functional tests to reﬂect aging-related chang-
es in motor function.
The ﬁndings of the present study suggest that there is an age-related
declinewithHMB concentrations in humans. Additionally HMB concen-
trations were positively correlated with appendicular lean mass and
muscle grip strength in this group of adult Indian subjects, but not in
children. Future studies are needed to conﬁrm the positive relationship
of HMB concentrationwithmusclemass and grip strength and to deﬁne
if HMB concentrations can be used as a biomarker of skeletal musclemass and strength. In addition, future studies are needed to understand
whether it is the production of HMB or the metabolism of HMB that
changes with age.
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